Cosmids containing hydrogen uptake genes have previously been isolated in this laboratory. Four new cosmids that contain additional hup gene(s) have now been identified by conjugal transfer of a Rhizobium japonicum 122DES gene bank into a Tn5-generated Hup-mutant and screening for the acquisition ofHup activity. The newly isolated cosmids, pHU50-pHU53, contain part of the previously isolated pHU1 but extend as far as 20 kilobases beyond its border. pHU52 complements five of six Hup-mutants and confers activity on several Hup y wild-tpe R. japonicum strains in the free-living state and where tested in nodules. Transconjugants obtained from interspecies transfer of pHU52 to Rhizobium meliloti 102F28, 102F32, and 102F51 and Rhizobium leguminosarum 128C53 showed hydrogen-dependent methyleneblue reduction, performed the oxyhydrogen reaction, and showed hydrogen-dependent autotrophic growth by virtue of the introduced genes. The identity of the presumptive transconjugants was confirmed by antibiotic-resistance profiles and by plant modulation tests.
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Hydrogen evolution that accompanies dinitrogen reduction results in an inefficient use of the energy needed for nitrogen fixation. Most N2-fixing free-living microorganisms are able to oxidize the H2 produced by the nitrogenase reaction and recapture some of the energy lost through H2 evolution (1, 2) . Recent experiments in which soybeans were inoculated with otherwise isogenic Hup+ and Hup-Rhizobium japonicum strains indicate a significant increase in plant nitrogen content and total weight when the plants were grown to maturity before harvesting.t However, only a minority of R. japonicum strains possess an active H2 uptake system (3) . Highly active H2 uptake systems are lacking in Rhizobium meliloti and most other fast-growing rhizobia. A symbiotic plasmid possessing hydrogen uptake genes has been transferred from Rhizobium leguminosarum to R. meliloti (4, 
t).
Cantrell et al. (5) constructed a gene bank of R. japonicum strain 122DES, from which overlapping cosmids containing hydrogen uptake genes were isolated by complementation of the Hup-point mutant PJ17 by using a colony assay (6) . However, several observations indicated that more hupspecific DNA remained to be isolated (7) .
Since hydrogen recycling may be a beneficial trait, it is desirable to transfer hydrogen uptake (hup) genes from R, japonicum to other Hup-rhizobia. Here, we report that a cosmid (pHU52) apparently encoding all essential Hup determinants has been isolated. This cosmid confers Hup activity and autotrophic growth capability to Hup-R. japonicum strains, R. meliloti, and R. leguminosarum.
MATERIALS AND METHODS
Bacterial Strains, Growth Media, and Growth Conditions. Strains of Escherichia coli and R. japonicum used in this study are listed elsewhere (5, 8) . E. coli was grown in LB medium (9) ; rhizobial strains were routinely grown in yeast extract mannitol medium (8) . Rhizobia were cultured chemolithotrophically (10, 11 ) on Repaske's liquid medium (12, 13) with 1.5% Noble agar added for plates. Prior to derepression of rhizobia for hydrogenase activity, cells were grown on plates containing H2 uptake medium (5, 14) .
DNA Isolations. Cosmid DNA from rhizobia was obtained by the procedure of Currier and Nester (5, 15) , and total DNA was obtained as described by Haugland et al. (7) . Cosmid DNA preparations from E. coli were obtained by a cleared lysate procedure (16) . Restriction endonucleases were obtained and agarose gel electrophoresis was performed as described (5) .
DNA Hybridization. The DNA Detection System (biotinylated DNA) was purchased from Bethesda Research Laboratories. Color development was as described (BRL catalog 8239SA). Hybridization conditions were those of Leary et al. (17) based on Wahl et al. (18) , except that 0.5% sodium dodecyl sulfate was substituted for 10% sodium dextran sulfate 500 in the hybridization mixture.
Bacterial Matings, Transformations, and Hydrogenase Assays. The triparental mating system of Ditta et al. (5, 16 ) was used to transfer cosmids from E. coli to rhizobia. Selection was as described by Haugland et al. (7) , except that chloramphenicol (10 Ag/ml) selected R. japonicum strains and kanamycin (25 p.g/ml) selected R. leguminosarum strains.
Unless otherwise indicated, all species were derepressed for Hup activity for 8 days in a gas atmosphere maintained at 90% N2/5% H2/5% C02/0.5% 02. Hup assays were as described by Hanus et (6) . Cosmid DNA was isolated from the transconjugants and transferred to E. coli HB101 by transformation.
The four cosmids thus isolated were characterized by restriction digests. The EcoRI digestion patterns ofthe newly isolated cosmids pHU50-pHU53 ( Fig. 1) showed that they contained a fragment of 5.0 kb in common with pHU1, but, in addition, all newly isolated cosmids contained a 5.5-kb fragment not found in pHUL. The order of the EcoRI fragments in the new cosmids ( Fig. 2 ) was deduced by standard mapping procedures. The hybridization pattern of nick-translated pHU52 with EcoRI-digested pHU53 and EcoRI-digested pHU50 was fully consistent with this map (Fig. 2) .
Complementation of Hup-Mutants by pHU5O-pHU53. The ability of three of the newly isolated cosmids to complement both revertible (20) Fig. 2 ). With USDA 16 and USDA 144, the pHU52 transconjugants were Hup-by methylene blue reduction, but they showed considerable hydrogen uptake by the amperometric method (Table 2; see  Discussion) .
Since intraspecies transfer of pHU52 also transferred Hup activity (Table 2) , interspecies transfer of pHU52 was attempted. The recipients R. meliloti 102F28, 102F32, and 102F51 and R. leguminosarum 128C53 were all Hup-after derepression, as determined by either hydrogen-dependent methylene blue reduction or amperometric measurement. However, after acquisition of pHU52, each of these strains was converted to a Hup+ phenotype as determined by both methods (Table 2 ). Approximately 8 days derepression in a gas atmosphere maintained at 90% N2/5% H2/5% C02/0.5% 02 was necessary for the transformants to reproducibly express hydrogenase activity.
The presence of an extrachromosomal genetic element the tDetermined by methylene blue reduction (6) . In each case results were consistent in at least two experiments. Colonies were assayed after 8 days of derepression (6).
size of pHU52 was verified in R. japonicum USDA 144 (pHU52), R. meliloti 102F28 (pHU52), and R. meliloti 102F51 (pHU52) by agarose gel electrophoresis. No homology between pHU52 and total DNA isolated from R. meliloti 102F28 was detected in DNA hybridization experiments, but all EcoRI fragments of pHU52 (Fig. 2) were seen in the transconjugant R. meliloti 102F28 (pHU52) with nick-translated pHU52 as the probe (not shown).
Autotrophic Growth Tests on the Transconjugants. Selected strains were incubated in liquid culture and on plates of Repaske's medium under appropriate conditions for autotrophic growth using hydrogen gas (10) . After 5 weeks incubation, R. japonicum USDA 138 (pHU52) and R. meliloti 102F28 (pHU52) had grown in liquid culture, whereas both strains without the cosmid showed little or no growth (Table  3) . A second experiment gave the same pattern of results.
Plates inoculated with R. meliloti 102F28 (pHU52) clearly showed more growth than did plates inoculated with R. meliloti 102F28 (Fig. 3) japonicum and R. meliloti parents and transconjugants with the objective of identifying the different parent strains and transconjugants. The R. japonicum strains can be distinguished from the R. meliloti strains because only the former are partially resistant to gentamycin (100 ,ug/ml) ( Table 4) . Even the two R. meliloti strains 102F28 and 102F51 show clear differences from one another in resistance to penicillin and rifampicin. In all cases, the transconjugants show very similar or identical resistance patterns to the corresponding parent strains (Table 4) . In a separate experiment, we detected hydrogenase activity in bacteroid suspensions from plants inoculated with R. japonicum USDA 138 (pHU52) at a mean rate of 167.8 pmol/min per mg of protein, whereas no hydrogenase activity (<20 pmol/min per mg of protein) was detected when R. japonicum USDA138 was used as the inoculum for the same growth period (25 days Table 3 for additional details of gas mixtures used. Fig. 2 ) strongly suggests that the transcriptional unit interrupted by this TnS insertion extends beyond the right-hand border of pHU1 but not beyond the right-hand border of the 5.5-kb fragment that pHU52 contains. The results of site-directed transposon mutagenesis of R. japonicum 122DES (7) are consistent with pHU52 containing all the hup genes but eliminate the possibility that pHU50, pHU51, or pHU53 contain the complete hup region, because the hup genes extend into the 12.9-kb EcoRI fragment, which these cosmids lack (Fig. 2) . The inability of pHU52 to complement PJ18 (Table 1) is not surprising because several observations indicate that this is a dominant mutation (5, 7).
Both R. japonicum USDA 16 (pHU52) and USDA 144 (pHU52) appeared to be Hup-from the methylene blue assay, but hydrogen uptake activity was readily detected amperometrically (Table 2) . A possible explanation for this observation is that the surface of these cells or colonies is impermeable to the solution of methylene blue and respiratory inhibitors. Although the methylene blue colony test remains a useful procedure, it is clear that an apparent lack of Hup activity must be verified by a quantitative procedure such as amperometric measurement.
Our finding that the hup genes of pHU52 are expressed in diverse rhizobia (Table 2) is encouraging in that the specific rates of H2 uptake in these transconjugants were generally of the same order of magnitude as for the parent strain R. japonicum 122DES (Table 2 ). It is interesting that the expression of genes derived from a slow-growing Rhizobium is comparable in fast-growing species and that the Hup activity can be derepressed in the free-living state.
A limitation to the methylene blue-dependent H2 uptake assay and to the amperometric measurement is that neither method demonstrates an O2-dependent H2 uptake leading to the formation of ATP. Indeed, Maier has isolated mutants that show no O2-dependent H2 uptake but exhibit methylene blue-dependent H2 uptake (23) . It was of considerable interest, therefore, to observe that the R. japonicum USDA 138 (pHU52) and R. meliloti 102F28 (pHU52) transconjugants are now capable of autotrophic growth in liquid (Table 3 ) and on agar (Fig. 3) . Further experiments are necessary to determine whether pHU52 encodes all determinants necessary for autotrophic growth or whether its ability to confer hydrogendependent autotrophy depends on the genetic complement of the host organism. Little information is available on the distribution of ribulose bisphosphate (RuBP) carboxylase in fast-growing rhizobia, although conditions for derepression of RuBP carboxylase activity in R. meliloti have been described (24) . It is likely that the structural genes for the hydrogenase components (25) are present on pHU52, and it is possible that regulatory genes are also cosmid borne. For example, the coordinate induction of hydrogenase and RuBP carboxylase in R. japonicum under appropriate conditions (22) and the fact that some mutants altered in regulation by carbon substrates have altered hydrogenase regulation (26) may indicate the existence of common regulatory genes for hydrogen and carbon dioxide metabolism.
Detailed characterization of the genetically engineered strains in terms of performance in nodules is now required. Further manipulations may be necessary to produce stable genetically engineered Hup+ R. japonicum, R. meliloti, and R. leguminosarum strains. The experiments described here have used free-living bacteria, allowing antibiotic selection for the maintenance of the cosmid pHU52, which is based on pLAFRi (27) . pLAFR1 derivatives are unstable in the absence of selection in both R. japonicum (7) and R. meliloti (28) and in the transconjugants listed in Table 2 . Therefore, stabilization of the cosmid-borne hup genes by their integration into the host chromosome is desirable.
